I. INTRODUCTION
T HE limitations of radio frequency (RF) diodes have led to the development of new plasma sources, such as electron cyclotron resonance (ECR) plasma source and inductively coupled plasma (ICP) sources that operate at low pressure and high plasma density. Plasma densities in these enhanced plasma sources can reach to 10 10 cm with neutral pressures in the range of 1 20 mtorr [1] , [2] . As a new kind of plasma source, ICP is appealing due to its structural simplicity [3] . Accompanying the development of this new generation of plasma sources has been an effort to understand plasma parameters in ICP [4] - [8] .
Low-pressure ICP has been employed for etching processing for the last few years. This has prompted research on these sources by many groups [9] - [16] . In order to further develop this etching tool and provide predictions for design, we have been carrying out several studies of ICP [3] - [8] . Our latest ICP source design employs bell jar quartz top sources to reduce the thickness of dielectric quartz. Meanwhile, the bell jar cover can sustain much higher pressure with less thickness.
II. THEORETICAL MODELING

A. Reactor Configuration
The geometry of the bell jar top ICP chamber is shown in Fig. 1 top bell jar cover, with curvature radius 13 cm, is isolated, whereas the bottom chamber is grounded. The dome cover is made of quartz with 0.5-cm thickness [8] .
B. Global Model
A global model developed by Lieberman and Gottscho has proved to be a reliable and simple method to estimate plasma parameters in an enhanced plasma source [1] , [4] . The global model calculation for the dome top ICP was previously done. For clarity, a brief introduction to the global model follows.
Rate coefficients for inelastic process are assumed to have the same form (1) where and are the cross section for inelastic process and mean electron thermal speed, respectively. The subscript denotes the th inelastic process (2) The global particle balance requires , , , , , , and are the ionization rate, the neutral gas density, the plasma density, the chamber volume, the ion fluxes at the 0093-3813/97$10.00 © 1997 IEEE bottom of the wall, side wall, and top dome wall, respectively. These fluxes can be expressed as (3) where , , and the integral domain, is the top sperical surface, respectively; is the Bohm velocity and (4) where is the ion-neutral mean free path. Electron temperature can be obtained by means of solving the following equation: (5) where Plasma density and ion current density on wafer can be derived in the following procedure: Define the collisional energy lost per electron-ion pair created (6) where eV, eV, eV, and are the energies lost per electron, for argon (Ar), as a result of ionization, electronic excitation, metastable creation, and elastic collisions, respectively. The total energy lost per electron-ion pair in the system can be expressed as follows: (7) The overall global energy balance for the ICP can be written in terms of (8) where is power absorbed in the plasma and the plasma density at the presheath, respectively. Then (9) can directly be solved for plasma density.
C. 2-D Fluid Model 1) Fluid Equations:
The basic assumptions of the model are: 1) the neutral gas flow is omitted; 2) the ion temperature is the same as neutral gas; 3) the inductive coils are simplified as three coaxial circular coils; 4) the electron distribution is assumed to be Maxwellian; and 5) neutral density and temperature are assumed to be uniform in the chamber.
Three neutral argon gas pressures, 5, 10, and 20 mtorr, are considered separately in the simulation. The total power inputs are 200 W and 500 W, respectively.
The time average equations for electrons and ions are
where The total input power can be written as
The collision rate can be expressed as , where the subscript , , , and have the same definitions as (4). The above set of fluid equations is closed with Poisson's equation with regard to the space charge to the electrostatic potential (14) where is the permittivity of free space. The boundary conditions are the same as our previous work, i.e., on the metallic wall; on the axis there are Based on the thin plasma sheath model, we have the analytical results to obtain the boundary conditions on the quartz wall as following: (15) where and are their normal components to the wall, the subscript represents the plasma-sheath boundary position, boundary plasma potential and the electron energy flux on the top , respectively.
2) Electromagnetic Equations:
The electric field consists of inductively coupled field and plasma static field. The net field is
The plasma static field is determined by Poisson is equation (16) Because of the axial symmetry assumption, the inductive electric field, which has only an azimuthal component, is written as (17) The equations for are
where is plasma electric conductivity, is the electron-neutral collision frequency. The boundary condition for (12) and (13) are on the metallic wall and the axis. The boundary condition on the quartz bell jar is determined by the coil current and the inductive plasma current at the nearest cell to wall. The detail deductive expression and computational method can be found from [7] . Fig. 2 is the electron temperature distribution with 10-mtorr neutral pressure and 200-W power input. As our prevous results show, is quite uniform in the bulk plasma. The difference between maximum on the upper centerline and minimum at the bottom is less than 1.0 eV. With this relatively flat temperature profile, we can expect the spatial profiles for ionization rate and plasma density be quite similar. The plasma potential is shown in Fig. 3 . It can be seen that the maximum at the center is about 15.8 V and the minimum is at the corner. It implies that the plasma static electric field is small. Fig. 4 is the plasma density contours with the same operation condition. The plasma density near the bottom is quite uniform. This is one of the characteristics for the bell jar top ICP. It is found that the maximum exceeds 2 10 m . Fig. 5 shows contours of RF power deposition. It is obvious that most power is concentrated near the coils on the top. In Fig. 6 , there is an ionization rate distribution. Since ionization is a function of power deposition, electron temperature, and electron density, the contours seem to be a compromise of these parameters.
D. Results and Discussion
To see the coil geometry effects, Figs. 7 and 8 are of power deposition, ionization rate, and plasma density with respect to wider inductive coils case. It seems that the wider coil can result in the more uniform parameter distribution. It is well known that the higher the neutral pressure, the more localized parameter distribution. Therefore, as the neutral pressure is increased the parameters, such as and , would have two off-axis-peak values [17] . These coil geometry effects depend on the chamber shape, discharged gas species, total power input, as well as neutral pressure. There is no simple way to predict the plasma uniformity for common plasma tools. Therefore, to carry on some numerical simulations for special plasma tools are inevitable to most design of plasma sources. Fig. 9 is the comparison for electron temperatures between the global model and the simulation. The plasma densities comparison between global model and simulation is shown in Fig. 10 . It seems that the simulation agrees reasonably well with the global model. The difference might come from the neutral gas uniformity assumption. The global model can give a quick estimation whereas the fluid can provide a spatial profile for parameters.
It is well known that the uniformity in a flat ICP is primarily determined by the inductive coil geometry. However, in the bell jar top ICP, there are two ways to improve the plasma parameters. The one is to adjust the inductive coil configuration and the other is to change the stage position. Therefore, the uniformity in the bell jar top ICP can be improved. In addition to the uniformity, it is obvious that the bell jar top quart can be easy made due to the thinner thickness. Experimental measurement for plasma parameters, by means of a tuned Langmuir probe, is in progress and will be published soon.
III. CONCLUSION
The modeling seems quite reliable after the comparison to the global model results. It paves a way to optimize the plasma parameter distribution for design work. The bell jar top ICP has the advantage of reducing the thickness of quartz to sustain relative high pressure. For large area ICP sources, the quartz thickness becomes larger and it would result in long-time heating to reach a steady state temperature in the quartz roof. It seems one of the advantages of a bell jar top ICP. This advantage can be generalized to some other plasma sources, such as ECR and helions. It is likely that a uniform plasma can be generated by means of adjusting both wafer stage position and inductive coil geometry. The detail work on the chamber geometry effect and coil geometry effects is still to be investigated. The comparison with the experimental data is going to be submitted for publication. Since he joined the plasma division of the Institute of Mechanics in 1991, he has engaged in the numerical simulations of plasma and the study on particleplasma interaction. In February 1995, he joined the Department of Chemical Engineering, University of California at Berkeley as a Visiting Researcher, and now he is carrying on the research of high-density plasma models and simulations.
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